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Full-length clones that encode tomato (Lycopersicon esculentum Mill.) glutamate-1-
semialdehyde-2,l-aminomutase (GSAAM) and 5-aminolevulinic acid dehydratase (ALAD) were 
isolated and characterized. Sequence analysis showed that tomato GSAAM and ALAD clones 
exhibited a high level of homology to corresponding clones found in other plant species. The 
primary structure of GSAAM predicted a 481-amino acid precursor that comprised a 46.7 kDa, 
437-amino acid mature protein and a transit peptide of 44 amino acids. The primary structure of 
ALAD predicted a 430-amino acid precursor that comprised a 41.7 kDa, 383-amino acid mature 
protein and a 47-amino acid transit sequence. Southern analysis showed that GSAAM and ALAD 
genes are present in low copy number (1 to 2) in the tomato genome. Northern analysis showed 
that the abundance of GSAAM transcripts declined throughout tomato fruit development and 
ripening, whereas ALAD transcripts showed little or no change in abundance throughout this same 
time period. Expression of these two genes also differed at the protein level. GSAAM protein 
content decreased dramatically by 25 days postanthesis, and GSAAM protein was undetectable by 
day 45. Western analysis revealed the presence of two closely-spaced proteins that reacted with 
the ALAD antibody. The higher molecular weight band decreased in abundance throughout 
tomato fruit development and ripening, whereas the abundance of the lower molecular weight band 
remained constant. These results show that GSAAM, but not ALAD. may be regulated 
developmentally at the level of transcript abundance and that both GSAAM and ALAD may be 
regulated at one or more posttranscriptional levels. 
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GENERAL INTRODUCTION 
Tomato fiuit ripening is characterized by a decrease in chlorophyll content and an increase 
in lycopene synthesis. Chlorophyll and heme biosynthesis occur via a common pathway firom the 
first committed precursor, 5-aminolevulinic acid (ALA) to protoporphyrin IX (Beale and 
Weinstein, 1990). In plants, algae, and certain bacteria, ALA is formed via a S-caiton pathway, in 
which the conversion of glutamate to ALA occurs via a 3-step process. This process involves the 
ligation of glutamate to tRNA®'*" by glutamyl-tRNA synthetase, the reduction of Glu-tRNA°^" 
(with the release of tRNA®'"") to glutamate-1-semialdehyde (GSA) by glutamyl tRNA reductase, 
and the rearrangement of GSA to form ALA by glutamate-l-semialdehyde-2,l-aminomutase 
[glutamate-1-semialdehyde aminotransferase (GSAAM); EC 5.4.3.8] (Jahn et al., 1992; Beale and 
Weinstein, 1991). In contrast, animals, yeast, and other bacteria form ALA for heme synthesis via 
a one-step condensation of glycine with succinyl coenzyme A that is catalyzed by ALA synthase 
(Leeper, 1985). With the exception of Euglena gracilis, which utilizes the ALA synthase route for 
the production of extrachloroplastic tetrapyrroles, and the 5-carbon pathway for the biosynthesis of 
chloroplastic tetrapyrroles, all photosynthetic organisms examined to date use only the 5-caTbon 
pathway for all tetrapyrrole synthesis (Richards, 1993). 
Glutamate-l-semialdehyde-2,l-aminomutase, the final enzyme in the ALA synthesis 
pathway, is nuclear-encoded and located in the chloroplast stroma of higher plants (Wang et al., 
1981). The enzyme exists as a fractional monomer in Synechococcus (molecular mass, 46 kDa; 
Grimm et al., 1989) and Chlamydomoms reinhardtii (molecular mass, 43 kDa; Jahn et al., 1991), 
and as a homodimer in barley (subunit mass, 46 kDa; Grimm et al., 1989), pea (subunit mass 45 
kDA; Nair et al., 1991), and E. coli (subunit mass, 40 kDa; Dag et al., 1991). GSAAM catalyzes 
the transamination of GSA to ALA in the presence of a pyridoxal-5'-phosphate (PLP) or 
2 
pyridoxamine-5'-phosphate cofactor. In higher plants, cDNAs that encode GSAAM have been 
isolated from barley (Grimm et al., 1990), soybean (Sangwan and O'Brian, 1993), Arabidopsis 
(flag et al., 1994), and tobacco (HOfgren et al., 1994). 
Eight molecules of ALA are used as a substrate to form the tetrapynole precursor of heme 
and chlorophyll, protoporphyrin K, through a series of reactions that seem to be common to all 
plant, animal, and bacterial species. ALA dehydratase (ALAD; EC 4.2.1.24) is synthesized in the 
cytoplasm abd is transported into the plastids, where it catalyzes the condensation of two 
molecules of ALA into porphobilinogen, a monopyrrole compound (Richards, 1993; Smith, 1988). 
ALAD of higher plants and bacteria exists as a homohexamer of -SO kDa subunits, whereas 
ALAD of yeast and animals is a homooctomer (Richards, 1993). Plant ALAD also differs from 
that of animals and yeast in its requirement for or rather than 7s?* or K* for its 
activity (Richards, 1993). Among higher plants, cDNAs that encode ALAD have been isolated 
and characterized in pea (Boese et al., 1991), spinach (Schaumburg et al., 1992), and soybean 
(Kazcor et al., 1994). 
Regulation of chlorophyll synthesis is not well understood, but it appears to be regulated 
primarily at the level of ALA synthesis and protochlorophyllide reduction. ALA synthesis seems 
to be regulated both by feedback inhibition by heme and protochlorophyllide (Beale and 
Weinstein, 1990) and by light, via phytochrome (Huang et al., 1989). Activity, protein levels, and 
mRNA levels of NADPH;protochlorophyllide reductase, which catalyzes the light-requiring 
reduction of protochlorophyllide to chlorophyllide, decrease upon exposure to light, although these 
changes vary considerably among species (Beale and Weinstein, 1990). In addition to these 
primary control points, ALAD, under higher light conditions, may act as a control point in limiting 
chlorophyll synthesis via its competitive inhibition by 4,S-dioxovalerate, an intermediate in the 
synthesis of ALA (Kotzabasis et al., 1989). It also has been shown that ALAD activity increases 
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during chloioplast development that occurs after illumination of etiolated radish cotyledons 
(Shibata and Ochiai, 1976) and that this increase in activity was phytochrome-mediated (Kasemir 
and Masoner, 1975; Tchuinmogn^ et al., 1989), as was the increase in ALAD protein 
(Tchuinmogn6 et al., 1989). 
Little is known about the mechanism(s) that control expression of chlorophyll synthesis 
genes during fhiit development and ripening. My objectives in this study were to isolate genes 
that encode enzymes (GSAAM and ALAD) early in the chlorophylVheme biosynthetic pathway 
and to characterize their expression during tomato fruit development and ripening. Knowledge of 
the genetic control of chlorophyll metabolism eventually may pennit utilization of a greater 
percentage of harvested fruit tissue. 
Dissertation Organization 
This dissertation is arranged as two parts. The two parts are followed by a general 
summary and conclusions and a common literature cited. Gary Polking was the principal 
investigator on all research reported herein. Drs. Gladon and Hannapel served as co-major 
professors for Gary in his research. 
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PART I. CLONING AND CHARACTERIZATION OF A cDNA THAT ENCODES 
GLUTAMATE-1-SEMIALDEHYDE-2,1-AMIN0MUTASEIN 
TOMATO (LYCOPERSICON ESCULENWM MILL.) FRUIT TISSUE 
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INTRODUCTION 
The first committed precursor of chlorophyll and heme biosynthesis is 5-aminolevulinic 
acid (ALA). In plants, algae, and certain bacteria, ALA is formed via a 5-carbon pathway. This 
conversion of glutamate to ALA occurs via a 3-step process that includes the ligation of glutamate 
to tRNA®'"" by glutamyl-tRNA synthetase, the reduction of Glu-tRNA®^" (with the release of 
tRNA®"*") to glutamate-1-semialdehyde (GSA) by glutamyl-tRNA reductase, and the rearrangement 
of GSA to i^A by glutamate-l-semialdehyde-2,l-aminomutase [glutamate-1-semialdehyde 
aminotransferase (GSAAM; EC 5.4.3.8)] (for reviews see Jahn et al, 1992; Beale and Weinstein, 
1991). The formation of ALA via this pathway is a primary point of regulation of chlorophyll 
synthesis and is considered to be the rate-limiting step (Beale and Weinstein, 1991). This 
regulation includes feedback inhibition by heme (Beale and Weinstein, 1990) and control by light 
(Huang et al., 1989). 
The final enzyme in this pathway, GSAAM, is nuclear-encoded and located in the 
chloroplast stroma (Wang et al., 1981). It catalyzes the transamination of GSA to ALA in the 
presence of a pyridoxal-5'-phosphate (PLP) or pyridoxamine-5'-phosphate cofactor (Jahn et al., 
1992). In higher plants. GSAAM has been isolated from barley (Grimm et al., 1989) and pea 
(Nair et al., 1991), and it exists as a dimer of subunit mass of approximately 46 kDA. cDNAs 
that encode GSAAM have been isolated from several organisms, including barley (Grimm, 1990), 
soybean (Sangwan and O'Brian, 1993). Arabidopsis (Hag et al., 1994), and tobacco (HOfgren et 
al., 1994). 
Chlorophyll synthesis and turnover are important aspects of tomato fruit development and 
ripening. Current once-over mechanical harvest of tomatoes results in about a 10 to 30% loss of 
production because green (immature) tomatoes arc not usable. Insight into the expression and 
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regulation of the genes involved in pigment production and other ripening changes may provide a 
basis for achieving premature initiation of ripening changes in immature fruits. As a step to 
understanding the regulation of GSAAM and the role that GSAAM may play in the process of 
chlorophyll synthesis and turnover in fruits in general, we report the isolation and characterization 
of a cDNA that encodes GSAAM in tomato fruit tissue. 
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MATERIALS AND METHODS 
Plant Materials 
Tomato (Lycopersicon esculentim Mill. cv. Rutgers) plants were grown in a greenhouse 
(20C night/24C day) with supplementary lighting. Flowers were harvested at anthesis, fruits at 10, 
IS, 25, 35,45, and 55 days postanthesis, and leaf, stem, and root samples six weeks after sowing. 
All samples were frozen in liquid nitrogen and stored at -80C until used for RNA or protein 
extraction. Additional leaf samples were lyophilized, ground into powder, and stored at -20C until 
used for genomic DNA extraction. 
Construction of Homologous GSAAM Probe 
Template DNA for use in pol3mierase cham reactions (PCR) was obtained by carrying out 
a mass in vivo excision and phagemid rescue of a young tomato (cv. VFNT Cherry) fruit XZAP®II 
cDNA library (obtained fiiom Dr. Wilhelm Gruissem, U. C., Berkeley) according to manufacturer's 
protocols (Stratagene Qoning Systems, La Jolla, CA). Two primers, designated GP551 [5' GCA 
AGC TTT ACA TTG ACT ATG TCG GAT CAT GGG 3'] and GP552 [5' CGC TCG AGA AGT 
GTC AAA TCr GGA GTT ATT CC 3'] were designed based on available sequence infonnation 
of known GSAAM clones from barley (Grimm, 1990), soybean (Sangwan and O'Brian, 1993), 
Arabidopsis (Hag et al., 1994), and tobacco (HOfgren et al., 1994), and were synthesized at the 
DNA Sequencing and Synthesis Facility at Iowa State University. PCR amplification was carried 
out in a final volume of 50 (il that contained 300 ng of template DNA, 40 pmol of each primer, 
1.5 mM MgQj, 20(j pM of each dNTP, IX taq polymerase buffer A (Promega Coip., Madison, 
WI), and 2.0 u of taq polymerase and was overlaid with 50 pi of mineral oil. The initial PCR 
cycle (5 min at 94C, 1.0 min at 65C, and 1.5 min at 72C) was foUowed by 30 cycles (45 sec at 
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94C, 1.0 min at 65C, and 1.5 min at 72Q, and a final cycle (45 sec at 94C, 1.0 min at 65C, and 
10.0 min at 72C). The identity of the 0.63-kb PCR fragment was verified by automated dideoxy 
sequencing (Sanger et al., 1977) performed at the Iowa State University DNA Sequencing and 
Synthesis Facility and compared with known GSAAM sequences in GenBank by using the GCG 
program (General Computer Group, Inc., Madison, WI). 
cDNA Library Screening 
The 0.63-kb POi fragment was ^^P-labelled and used as a probe to screen a XZAP®II 
cDNA library of young tomato (cv. VFNT Cherry) fmits (obtained from Dr. Wilhelm Gruissem, 
U. C., Berkeley). Filters were prehybridlzed and hybridized in 50% fomiamide, 6X SSC (IX 
SSC: 0.15 M NaQ, 0.015 M Na-citrate), 3.3X Denhardt's solution (IX Denhatdt*s: 0.02% FicoU, 
0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin), 25 mM Na-phosphate buffer, pH 
7.0,0.115 mg/ml salmon sperm DNA, and 0.4% (wA') sodium dodecyl sulfate (SDS) at 42C. 
Filters were washed once for 5 min in 2X SSC at 23C, 0.1% SDS, twice for 20 min in 2X SSPE 
(IX SSPE: 0.15M NaQ, 0.25 M NaH2P04, 25 mM NaiEDTA), 0.1% SDS at 65C, and once for 10 
min in 2X SSPE, 0.1% SDS at 65C. Filters were exposed to X-ray film with an intensifying 
screen at -80C for 72 h. After plaque purification, 25 positive clones were identified and their 
pBluescript® SK' phagemids were isolated according to manufacturer's protocols (Stratagene 
Cloning Systems, La Jolla, CA). The plasmid that contained the longest insert was submitted for 
automated dideoxy sequencing (Sanger et al., 1977) at the Iowa State University DNA Sequencing 
and Synthesis Facility on both strands, using T3, T7, poly(T), and synthetic oligonucleotide 
primers. DNA sequences were analyzed using the GCG program (General Computer Group, 
Madison, WI). The nucleotide sequence for the tomato GSAAM cDNA clone has been submitted 
to the GenBank Nucleotide Sequence Database under the accession number L39279. 
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Southern Analysis 
Genomic DNA was extracted fiom 'Rutgers' tomato leaves according to the method of 
Rogers and Bendich (1985). Ten micrograms of DNA was digested with appropriate enzymes, 
separated by electrophoresis on a 1.0% agarose gel, denatured, and transferred to a nylon 
membrane with 25 mM Na-phosphate, pH 7.0 buffer. Membranes were prehybridized and 
hybridized at 42C in 30 or 50% formamide, 6.0X SSC, 3.3X £>enhardt's solution, 25 mM Na-
phosphate buffer, pH 7.0, 0.4% SDS, and 0.115 mg/ml salmon sperm DNA. The '^P-labeled 0.63 
kb GSAAM PGR fragment was used as a probe. Membranes were washed once for 5 min in 2X 
SSPE, 23C, twice for 15 min in l.OX SSC, 0.1% SDS at 23C (30% foraiamide filters) or 65C 
(50% formamide filters), twice for 15 min in O.IX SSC, 0.1% SDS at 65°C (50% fomiamide 
filters), then exposed to film for autoradiography. 
Northern Analysis 
Total RNA was extracted from various tissues (Dix and Rawson, 1983), separated on a 
1.4% agarose gel that contained 5 mM methyl mercury hydroxide (Thomas, 1980) and transferred 
onto a nylon membrane with 25 mM Na-phosphate buffer. Before blotting, gels were stained with 
ethidium bromide and ribosomal RNAs were visualized under UV light to confirm that equal 
amounts of RNA were loaded in all lanes. Membranes were prehybridized and hybridized at 65C 
in 50% fonnamide, 1.0 M NaQ, 10% (w/v) dextran sulfate, 1.0% SDS, and 0.1 mg/ml salmon 
sperm DNA. The plasmid that contained the 1.7-bp GSAAM cDNA insert was linearized with 
Smal and used as a template to generate an antisense RNA probe by using the Riboprobe® System 
(Promega Corp., Madison, WI) with T7 polymerase. Membranes were washed twice for 5 min in 
2X SSC, 0.1% SDS at 23C, twice for 15 min in O.IX SSC, 0.1% SDS at 65C, then exposed to 
film for autoradiography. 
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Immunoblot Analysis 
Protein was isolated by grinding tissue in grinding buffer (25 mM NaH2P04, pH 7.0, 0.1% 
diethyldithiocarbamate, and 0.1% NaHSOs) and polyvinylpolypyrrolidone (100 mg/1.0 g sample). 
The extract was centrifuged at 20,000 x g for 20 min, then lyophilized until dry. The lyophilized 
tissue was resuspended in HjO, and the protein concentration was determined by the Bradford 
method (1976). SDS extraction buffer (25mM tris-HQ, pH 6.8, 1.6% SDS, and 2.6% P* 
mercaptoethanol) was added to 75 fjg of extract to achieve a final volume of 50 jil (approximately 
50% SDS extraction buffer v/v). The mixture was boiled for 1.5 min, and then 0.1 volume of 
loading buffer (0.05% bromophenol blue, 25 mM tris-HQ, pH 8.5, and 50% glycerol) was added. 
SDS-PAGE (12.5% acrylamide) that used 75 pg of each sample per lane was performed and 
proteins were transferred to a nitrocellulose membrane essentially as described by Towbin et al. 
(1979). Immunoblotting and staining were carried out as described by Hannapel (1990) by using a 
1:15(X) dilution of an antibody to barley GSAAM (Grimm et al., 1989) isolated from rabbit. The 
second antibody was goat anti-rabbit IgG-horseradish peroxidase conjugate (Biorad Laboratories, 
Inc., Richmond, CA). 
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RESULTS AND DISCUSSION 
The nucleotide sequence and the deduced amino acid sequence of the tomato GSAAM 
cDNA are presented in Fig. 1. The 1699-bp sequence consists of 24 of 5'-untranslated 
sequence, a 1443-bp coding region, and 232 bp of 3'-untranslated sequence, including a 35-bp 
poly(A) tail. The position of the initiation ATG codon at positions 25-27 codon was determined 
by comparison witii known GSAAM sequences from other species, including soybean (Sangwan 
and O'Brian, 1993), in which the presence of an in-frame, upstream teraiination codon verified 
that the entire coding region was present A putative polyadenylation signal (AATAAA) was 
located at position 1534 in the 3'-untranslated region. A single open reading frame encodes 481 
amino acids. The approximate cleavage site, I-R-M-li-T (Fig. 2), of die tomato chloroplast transit 
sequence was deduced by comparison with the experimentally-determined cleavage site of barley 
(Grimm at al., 1989; Grimm, 1990), the homologous areas of tobacco (Hdfgen et al., 1994) and 
soybean (Sangwan and O'Brian, 1993), and with conserved features of other chloroplast transit 
peptide cleavage sites (Gavel and von Heijne, 1990; von Heijne et al., 1989). Qeavage at this 
position would produce a transit peptide of 44 amino acids, and a mature protein of 437 amino 
acids and molecular mass of 46,669 Da. The calculated mass is in accordance with those of barley 
and Synechococcus (46 kDa; Grimm et al., 1989), and pea (45 kDa; Nair et al., 1991), but is 
somewhat greater than those of Chlamydomonas reinhardtii (43 kDa; Jahn et al., 1991) and E. coli 
(40 kDa; flag et al., 1991). The putative transit peptide has features common to known chloroplast 
transit peptides, including high serine and threonine content and relatively low abundance of acidic 
amino acids (Gavel and von Hiejne, 1990) and overall positive charge (Schmidt and Mishkind, 
1986). 
The tomato transit peptide was 70% homologous to that of tobacco, but showed little 
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Fig. 1. Nucleotide sequence of the tomato GSAAM cDNA clone and its predicted amino acid 
sequence. The nucl^tide sequence is numbered from the first 5' nucleotide of the cDNA; the 
amino acid sequence is numbered from the first methionine of the open reading frame. The 
putative polyadenylation signal is underlined. 
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ATT taaccactagatttctttttgtatgctagatggagagattttcctttttaagtttttgttctgttga 1534 
lie stop 
ataaa^aggtgattttgtaacatattgtttattcagaaacatgctgcactattttacctcctgtatttaaag 1605 
cattttttggtcacttgagtacatctgtactatatattaacaagaggagtcttggagcgaaaaaaaaaaaa 167 6 
aaaaaaaaaaaaaaaaaaaaaaa 1699 
Fig 1. (condnued) 
Fig. 2. Comparison of the deduced amino sequence of tomato GSAAM with those of tobacco, 
soybean, barley, and E. coli. Identical amino acids are indicted by asterisks C*). Gaps, indicated 
by periods (.)> were used to optimize the alignment. The arrow indicates the putative cleavage 
point of the transit sequence. The cofactor binding site is indicated by [~p-]. The lysine residue 
in the cofactor binding site (described in the text) is indicated in bold. 
15 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. Coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. Coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
tomato 
tobacco 
soybean 
barley 
E. coli 
1 ^ 
MAAVNGVGLS WPSKLTKNQT PKWGFSPSHR RCNPSSSSSA TIRMTASVDE K.KKTFTLEK 
********** ******QQ*J^ **LV****P* **T****... **K******* *.******Q* 
.M**SAIT GAR LTL*M*LS **TRSR *VA*AV*I*P *TDNKL**T* 
.M*GAAAAVA SGISIRPVAA **ISRA*RS* S W*AAV*I** *...AY*VQ* 
LIPGGVNSPV 
MRDIDGNEYI DYVGSWGPAI 
61 
SEEAFSKAKE 
icifkitir'kitlfk'k 
*** 
RAFTGVGGTP 
121 
IGHADDEVLA 
ieie-kir-kicifkitit 
L**NHPAIRN 
181 
RLARAFTCRP 
241 
ISAVESLFEE Ititii'k'itititit'kit 
TE*I*K***A 
AD**KK***D 
LAS*RAA**Q 
301 
RLAYGGAQEY 
•kiriciriritit-kitit 
*•*••****• 
*V*LA***D* 
361 
AMTAGIHTLK 
• ••it****** 
******G**Q 
* * * * * * i l r * * *  
**A**FAC*N 
421 
PIYNFSDAKK 
*^* * * * * 
*yh**D**** 
SVTCYQ*VMA 
481 
KQI. 
* * * 
RE* 
RW* 
AKL 
LMPGGVNSPV 
********** 
********** 
********** 
*FIEKADGAY 
* * Q * * * * * * *  
** J**Jj**** 
*VI*AAER*L 
********** 
**£j******* 
********** 
********** 
******J*** 
* * * * * * y * * *  
Y*VV****C* 
***^**ji^**p 
***^*****j^ 
C*V*R*K**F 
RAFKSVGGQP 
********** 
********** 
********** 
MRK 
* * * * * * * * * *  
*  * *  * * * ^ *  *  *  
*****ijigj^*y 
**********  
****g*****  
****CL**** 
********** 
********** 
********** 
****** *j«j* * 
y^***^****L 
****Q****L 
IIIDSVKGSR 
********** 
*y******** 
*Vp******H 
SENLYQAARE 
* * * * * * * 0 * *  
Y**Q****** 
KM*QL*TEL* 
********** 
********** 
* * * * * * * * * *  
* * * * * * * * * *  
* * * * * * { ( * * *  
**p*****Y* 
********** 
********** 
***^*****M 
* * * * * * * * * *  
* ^ * * * * * * * *  
*Y^*Y****** 
LY*V**KA** 
********** 
********** 
*TMD***M** 
DSPGVPKAAT 
****G***** 
********** 
* * * * * * * Q * *  
N*****ADFA 
********** 
EMVAPAGPMY 
********** 
*J(******** 
********** 
DAL**T**V* 
********** 
********** 
********** 
******** 
** * * ** **^* 
****** **^* 
*****fji*S;^I 
IDTLTAPYND 
g********* 
p£******** 
YQ ******** 
KY***CT*** 
********** 
QAGTLSGNPL 
********** 
********** 
********** 
********p* 
RLQGQGTYEH 
****p****y 
*IKEP****Y 
**MEP****Y 
EVAQP*VH*T 
SDTEKFGRFY 
********** 
LDKITAELTQ 
* * * * * Q * * * *  
*****(3**Yg 
***V*G**VR 
**EL*TR*AE 
RGMLEEGVYF 
********** 
GILDAGKKTG 
********** 
**IE***RA* 
****y*j^*** 
*L*E*AEEA* 
APSQFEAGFT 
********** 
HAMCGGSIRG 
******Y*** 
**j***j^*** 
*g****j^*** 
IPLWNHVG* 
SLAHTPEDIQ 
*****g**** 
***** 3D* *K 
*****ipQ**£ 
MPGFFFADG. 
****L**E*, 
**** **»pg* ^ 
* * * * * *  * Q *  ^  
***I**T*AE 
RTVAAAEKVL 
j^********* 
j (*  j******p 
](**£*****• 
N*ID**RR*F 
ALAETMKKGT SFGAPCLLEN TLAEMVISAV PSIEMVRFVN SGTEACMGVL 
********** ********** ********** ********** ********** 
KIIKFEGCYH GHADPFLVKA GSGVATLGLP 
********** ********** ********** 
HKGEIAAVIL 
* * * * y * * J * *  
j j*******p* 
j j*******p* 
YPQ***ci*V 
[-• 
FGITPDLTTL 
EPWGNAGFI 
********** 
********** 
********** 
***A**MNCV 
-P-—] 
GKIIGGGLPV 
PPKLEFLAAI 
Q*N* D* ** * * 
V**PD*HSFL 
**QPA**N*L 
**LP***PQL 
GAYGGRRDIM 
RKITKENDAL 
***** **JiJ>p* 
*EV**QDG** 
*ALCD*FG** 
LIFDEVMTGF 
*Y******** 
*y******p* 
**J******* 
16 
homology to those of soybean or baiiey. In contrast, the mature peptide of tomato shows a high 
degree of homology to that of tobacco (95%; H6fgen et al., 1994), soybean (82%; Sangwan and 
O'Brian, 1993), and barley (82%; Grimm, 1990). All sequences showed high homology to each 
other in the region believed to be involved in binding the pyridoxal phosphate cofactor (Fig. 2, 
positions 319-326; Grimm et al., 1991). In addition, all species possessed the lysine residue (Fig. 
2, position 322) that has been identified in a number of aminotransferases and has been implicated 
in binding pyridoxal 5'-phosphate (PLP) (Grimm et al., 1991). Proof of the involvement of this 
lysine residue in binding PLP was obtained by nag and Jahn (1992) using site-directed 
mutagenesis. 
Southern analysis was performed by hybridizing the 0.63 kb GSAAM PGR fragment to 
total genomic DNA ftom tomato leaves (Fig. 3). The hybridization pattem was similar under both 
low and high stringency conditions and suggested that GSAAM was present as a single copy in 
the tomato genome. This is in contrast to the findings of HOfgen et al. (1994), who identified two 
cDNA clones of GSAAM in tobacco. However, given the high homology of the two tobacco 
nucleotide sequences to each other (96.4%), the high homology of these clones to the tomato 
GSAAM clone (88.2% and 89.1%), and the low stringency conditions used for the Southern 
analysis, it seems unlikely that a second copy of the GSAAM gene exists in tomato. 
Differential expression of GSAAM mRNA was examined by northern blot analysis. 
Transcripts accumulated to the greatest level in leaves and stems (Fig. 4a). Transcript 
accumulation was less in flowers and lowest in roots (Fig. 4a). Similar variation in the level of 
GSAAM mRNA expression in leaves and roots was observed by Sangwan and O'Brian (1993). In 
Arabidopsis, however, expression of GSAAM transcripts was essentially the same in all tissues 
(Hag et al., 1994). These differences may be due to collection of samples at different stages of 
development, or to species differences. Levels of GSAAM transcripts decreased throughout 
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Fig 3. Southern hybridization of tomato genomic DNA with the 0.63 kb tomato GSAAM PCR 
fragment. Ten micrograms of DNA was digested with £coRI Gane E), Hindlll (lane H), or 
BamHl (lane B). Lane I contains 10 pg of the GSAAM PCR fragment, which, relative to the mass 
of genomic DNA per lane is equivalent to 3 copies of the insert. 
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L S R F 
10 15 25 35 45 55 
Fig. 4. Northern blot analysis of the steady-state levels of GSAAM RNA of: (A) tomato leaf (L), 
stem (S), root (R) and flower (F) tissue; and (B) 10-, 15-, 25-, 35-, 45-, and 55-day postanthesis 
tomato fruits. Fifteen micrograms of total RNA were loaded per lane. Both filters were 
hybridized with a '^P-labelled RNA probe synthesized from linearized GSAAM template DNA. 
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tomato fruit development and ripening (Fig. 4b), and transcripts from SS-day fhiits were 
comparable with those of root tissue (Fig. 4a and 4b). 
Immunoblot analysis showed that barley GSAAM antibody reacted with a protein that had 
an approximate mass of 46 kDa in fruit tissue (Fig. 5, see arrow). Barley GSAAM antibodies also 
reacted with a protein of -46 kDa fiom tomato leaf and stem, but it was not detected in root tissue 
(data not presented). The 46 kDa band corresponded to the observed mass of bailey GSAAM (46 
kDa; Grirmn et al., 1989) and pea (45 kDa; Nair et al., 1991), and to the predicted mass of tomato 
(46.7 kDa). Barley GSAAM antibody also reacted with a protein of approximately 60 kDa that 
may represent the unprocessed form of GSAAM. It is also conceivable that this higher molecular 
weight band could represent cross-reactivity with another developmentally regulated tomato 
protein. This higher molecular weight band also was detected in immunoblots of tobacco 
(HiJfgren et al., 1994. Changes in the intensity of both of these bands throughout fruit development 
and ripening showed that GSAAM is relatively abundant in young (10- and 15-day) fruits, much 
less in 25- and 35-day fmits, only slightly detectable in ripening [45-day (breaker stage)] fruits, 
and undetectable in fully-ripe (55-day) fruits. These data indicated that GSAAM protein levels 
decreased throughout development and ripening. 
These results show that steady-state levels of both GSAAM transcripts and protein 
decreased throughout fruit development. Similar developmental regulation of three other 
chlorophyll synthesis genes [ALA dehydratase (ALAD), porphobilinogen deaminase (PBGD), and 
NADPHcprotochlorophyllide reductase (NPCR)] has been demonstrated in pea leaves by He et al. 
(1994). In that study, transcript levels of all three genes decreased in older tissues. In that same 
study (He et al., 1994), levels of NPCR protein were decreased in oldest leaves, while those of 
ALAD remained high, indicating that control of expression of these genes may be controlled at a 
post-transcriptional level. 
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Fig. 5. Immunoblot analysis by using barley GSAAM antibody against total protein extracted from 
tomato fruit pericaip tissue harvested 10, 15, 25, 35, 45, and 55 days postanthesis. Seventy-five 
micrograms of protein were added per lane. Arrow indicates approximate predicted mass of 
mature GSAAM protein of 46 kDA. 
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The changes in GSAAM transcript and protein levels closely parallel the gradual decreases 
in both chlorophyll a and chlorophyll b content of tomato fruits from IS days postanthesis through 
ripening (McMahon, 1984), suggesting that GSAAM is an important control point in the regulation 
of chlorophyll synthesis in tomato fruits. The observed early down regulation of GSAAM agrees 
with previous findings that several other photosynthesis-specific genes are inactivated within two 
weeks after pollination (PiechuUa et al., 1986). Taken together, these results suggest that the 
observed photosynthetic activity that occurs at least through the breaker stage of fmit development 
(Piechulla et al., 1987) is due to the stability of existing chlorophyll and photosynthetic enzymes, 
rather than to de now synthesis of these products. In addition to developmental regulation, 
GSAAM expression may also have a light-regulated component, although this factor was not 
addressed in this study. Light regulation of transcript levels of both GSAAM and of the enzyme 
that immediately precedes it in the porphyrin synthesis pathway, glutamyl-tRNA reductase, has 
been demonstrated in Arabidopsis (Hag et al., 1994). He et al. (1994) also observed modulation of 
expression of chlorophyll synthesis genes by light, but they concluded that the primary regulation 
of these genes was developmental. In our study, in which a constant 12-h daric/12-h light 
photoperiod was used, both GSAAM mRNA and protein expression decreased with increasing age 
of the fruits, and this indicates that GSAAM has a strong developmental component to its 
regulation at the level of transcript and protein abundance. 
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CLONING AND CHARACTERIZATION OF A cDNA THAT ENCODES 
5-AMINOLEVULINIC ACID DEHYDRATASE IN TOMATO 
(LYCOPERSICON ESCULENTUM MILL.) FRUIT TISSUE 
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INTRODUCTION 
Chloroi^yll and heme biosynthesis occur via a common pathway from S-aminolevuIinic 
acid (ALA) to protopori^yrin IX (Beale and Weinstein, 1990). 5-Aminolevulinic acid dehydratase 
(ALAD; EC 4.2.1.24), the second enzyme in this pathway, is synthesized in the cytoplasm and is 
transported into the plastids where it catalyzes the condensation of two molecules of ALA into 
porphobilinogen, a pyrrole compound (Richards, 1993; Smith, 1988). ALAD has been isolated 
and characterized in a number of animal, plant, and bacterial species (reviewed in Leeper, 1991), 
and recently, cDNAs that encode ALAD have been isolated and described in pea (Boese et al., 
1991) and spinach (Schaumbuig et al., 1992). ALAD activity increases during chloroplast 
development that occurs after illumination of etiolated radish cotyledons (Shibata and Ochiai, 
1976) and this increase in activity was shown to be phytochrome-mediated (Kasemir and Masoner, 
1975; Tchuinmognd et al., 1989), as was the increase in ALAD protein (Tchuinmogn6 et al., 
1989). In light, ALAD may act as a control point in limiting chlorophyll synthesis via its 
competitive inhibition by 4,S-dioxovalerate, an intennediate in the synthesis of 5-aminolevulinic 
acid (Kotzabasis et al., 1989). 
Chlorophyll synthesis and turnover are important aspects of tomato fruit development and 
ripening. Current once-over mechanical harvest of tomatoes results in about a 10 to 30% loss of 
production because green (immature) tomatoes are not usable. As a preliminary step to 
understanding the regulation of ALAD and the role ALAD may play in the process of chlorophyll 
synthesis and turnover in fruits in general, we report the isolation and characterization of a cDNA 
that encodes ALAD in tomato. 
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MATERIALS AND METHODS 
Plant Materials 
Tomato {Lycopersicon esculentum Mill. cv. Rutgers) plants were grown in a greenhouse 
(20C nighl/24C day) with supplementary lighting. Roweis were harvested at anthesis, fruits were 
harvested at 10, 15, 25, 35, 45, and 55 days post-anthesis, and leaf, stem, and root samples were 
harvested six weeks after sowing. All samples were stored at -80C until used for RNA or protein 
extraction. Additional leaf samples were lyo^iilized, ground into powder, and stored at -20C until 
used for genomic DNA extraction. 
cDNA Library Screening 
A XZAP® II cDNA library of young tomato (cv. VFNT cherry) fruit (obtained from Dr. 
Wilhelm Gruissem, U.C., Beikeley) was screened with a ^^P-labelled 1.35-kb EcoRl Pisum sativum 
ALAD cDNA insert (Boese et al., 1991) as a probe. Filters were prehybridized and hybridized in 
50% (vA') formamide, 50 mM Na-phosphate buffer, pH 7.0, 1.0 mM EDTA, 2.5X Denhardt's 
solution (IX Denhardt's: 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum 
albumin), 800 mM NaQ, 0.125 mg/ml salmon sperm DNA, and 0.05% (w/v) SDS at 42C. Filters 
were washed once for 45 min in 2X SSPE (IX SSPE: 0.15 NaQ, 0.25 M NaH2p04, 25 mM 
Na2EDTA), 0.1% SDS at 23C, twice for 15 min in IX SSC (0.15 M NaQ, 0.015 M Na-citrate), 
0.1% SDS at 23C, and once for 15 min in O.IX SSC, 0.1% SDS at 45C. Filters were exposed to 
x-ray film with an intensifying screen at -80C for 96 to 120 h. After plaque purification, six 
positive clones were isolated, and their pBluescript® SK- phagemids were excised according to the 
protocols of the manufacturer (Stratagene Qoning Systems, La JoUa, CA). The longest insert was 
subcloned into pGEM®-llZf(+) (Promega Corp., Madison, WI). Automated dideoxy sequencing 
(Sanger et al., 1977) on both strands, using SP6, T7, and synthetic oligonucleotide primers, was 
perfoimed at the Iowa State DNA Sequencing and Synthesis Facility. DNA sequences were 
analyzed using the GCG program (General Computer Group, Inc., Madison, WI). The nucleotide 
sequence for the tomato ALAD cDNA clone has been submitted to the GenBank Nucleotide 
Sequence Database under the accession number L31367. 
Southern Analysis 
Genomic DNA was extracted from 'Rutgers' tomato leaves according to the method of 
Rogers and Bendich (1985). DNA (lOpg) was digested with appropriate enzymes, separated by 
electrophoresis on a 1.0% agarose gel, denatured, and transferred to a nylon membrane in 25 mM 
Na-phos[diate buffer. Membranes were prehybridized and hybridized in 50% formamide, 6.7X 
SSC, 25 mM Na-phosphate, 0.04% SDS, and 0.125 mg/ml salmon sperm DNA. The '^P-labelled 
1.8-kb EcdKfJXhol insert of the tomato ALAD clone was used as a probe. Membranes were 
washed twice for 15 min in l.OX SSC, 0.1% SDS at 65C, once for 15 min in O.IX SSC, 0.1% 
SDS at 65C. and then exposed to film for autoradiography. 
Northern Analysis 
Total RNA was extracted from various tissues (Dix and Rawson, 1983), separated on a 
1.4% agarose gel that contained 5 mM methyl mercury hydroxide (Thomas, 1980), and blotted 
onto a nylon membrane. Before blotting, gels were stained with ethidium bromide and ribosomal 
RNAs were visualized under UV light to confirm that equal amounts of RNA were loaded in all 
lanes. Membranes were prehybridized and hybridized in 50% formamide, 1 M NaCl, 10% (w/v) 
dextran sulfate, 1.0% SDS, and O.lmgAnl salmon sperm DNA. The plasmid that contained the 
insert was linearized with EcoRI and used as a template to generate an antisense RNA probe using 
26 
the Riboprobe® system (Promega Coip., Madison, WI) with SP6 RNA polymerase. Membranes 
were washed twice for 5 min in 2X SSC, 0.1% SDS at 23C, twice for 15 min in O.IX SSC, 0.1% 
SDS at 65C. and then exposed to film for autoradiography. 
Immunoblot Analysis 
Protein was extracted by grinding 1.0 g of tissue in 2.0 ml of grinding buffer (25 mM 
NaH2P04, pH 7.0, 0.1% diethyldithiocaibamate, and 0.1% NaHSOa) and 100 mg 
polyvinylpolypyrrolidone. The extract was centrifuged at 16,000 rpm for 1 min, and 50 nl of 
supernatant was added to 50 pi of extraction buffer (25 mM Tris-HQ, pH 6.8, 1.6% SDS, and 
2.6% p-mercaptoethanol). The mixture was boiled for 1,5 min, and then 10 pi of loading buffer 
(0.05% bromphenol blue, 25 mM Tris-HCl, pH 8.5, and 50% glycerol) was added. SDS-PAGE 
(12.5% acrylamide) that used 20 pi of each sample was performed and proteins were transferred to 
a nitrocellulose membrane essentially as described by Towbin et al. (1979). Immunoblotting and 
staining were carried out as described by Hannapel (1990) by using a 1:4000 dilution of the BSj 
antibody to radish ALAD (Tchuinmogne et al., 1992) isolated from rabbit. The second antibody 
was goat antirabbit IgG-horseradish peroxidase conjugate (BioRad Laboratories, Inc., Richmond, 
CA). 
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RESULTS AND DISCUSSION 
The nucleotide sequence and deduced amino acid sequence of the tomato ALAD gene are 
presented in Fig. 1. The 1775 bp sequence consists of 51 bp of 5'-untranslated sequence, 1290 bp 
of coding region, and 434 bp of 3'-untranslated sequence. The presence of a stop codon (TGA) 6 
bases upstream of the first ATG codon indicates that this ATG is in fact the initiation codon and 
that the coding sequence is entire. Tandem polyadenylation signals (AATAAA) are located at 
positions 1723 and 1729 in the 3'-untranslated region. A single large open reading frame encodes 
430 amino acids. 
The putative cleavage site I-R-A^-S (Fig. 2) of the tomato transit sequence was deduced 
by comparison with the spinach amino acid sequence (Schaumburg et al., 1992). This motif fits 
the general requirements for peptidase cleavage sites (Perlman and Halvorson, 1983) and is similar 
to motifs identified in chloroplast targeting sequences of other species, including pea ALAD 
(Boese et al., 1991), white pine and loblolly pine NADPH;protochlorophyllide oxidoreductase 
(Spano et ai., 1992), and pea porphobilinogen deaminase (Spano and Timko, 1991; M. Timko, 
unpublished results in Spano et al., 1992). Qeavage at this position would produce a transit 
peptide of 47 amino acids, and a mature protein of 383-amino acids that has a molecular mass of 
41,727 Da. This calculated molecular mass is in accordance with those of Rhodopseudomonas 
spheroides (van Heyningen and Shemin, 1971) and Erythrobacter sp. strain OCh 114 (Shioi and 
Doi, 1988) and with that determined from a spinach ALAD cDNA (40.1 kDa) (Schaumburg et al., 
1992), but it is less than that determined by SDS-PAGE for spinach (Liedgens et al., 1980). The 
tomato transit peptide has a number of features common to other chloroplast transit sequences, 
including a net positive charge, presence of proline in the central area, abundance of alanine, and 
absence of tryptophan and tyrosine (Phua et al., 1989; Schmidt and Mishkind, 1986). Homology 
ggcacgagattcaactctccttccttcaaagtgctgcttatctgagcaatcATG GCT TCT 
Met Ala Ser 
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GCG GCA ATG TTG AAT GCA CCT TGT AAT ATT GGA GCT GTA AAG TTT GAG 108 
Ala Ala Met Leu Asn Ala Pro Cys Asn He Gly Ala Val Lys Phe Glu 19 
GTG AAA CTG AAG CCA TCG CCA AAT TTG TTT TGT GCA CGG CCT TCT GTT 156 
Val Lys Leu Lys Pro Ser Pro Asn Leu Phe Cys Ala Arg Pro Ser Val 35 
AAG TTG AAT CAA AGG AGG GTG TTA ACC ATT AGA GCT AGC AAG GAA GGG 204 
Lys Leu Asn Gin Arg Arg Val Leu Thr He Arg Ala Ser Lys Glu Gly 51 
CAT GAT AAT GGG TCT AGC TCA GGG CCC TTG AGA AAG ATG GGG TTG ACT 252 
His Asp Asn Gly Ser Ser Ser Gly Pro Leu Arg Lys Met Gly Leu Thr 67 
GAT GAG GAG TGT GAG GCT GCT GTA GTT GCC GGA AAT GTA CCT GAA GCT 300 
Asp Glu Glu Cys Glu Ala Ala Val Val Ala Gly Asn Val Pro Glu Ala 83 
CCT CCG GTT CCA CCA AAG CCG GCT GCA CCT GAC GGT ACC CCT ATT GTG 348 
Pro Pro Val Pro Pro Lys Pro Ala Ala Pro Asp Gly Thr Pro He Val 99 
TCT TCA CTG CCA ATT AAT AGG AGA CCA CGC CGT AAT CGT AGG TCG TCA 396 
Ser Ser Leu Pro lie Asn Arg Arg Pro Arg Arg Asn Arg Arg Ser Ser 115 
GCA GCA AGA GCT GCA TTC CAG GAA ACA AAT ATA AGC CCT GCA AAT CTT 444 
Ala Ala Arg Ala Ala Phe Gin Glu Thr Asn He Ser Pro Ala Asn Leu 131 
GTA TAT CCA CTA TTT ATT CAT GAG GGT GAA GAG GAC ACA CCT ATT GGA 492 
Val Tyr Pro Leu Phe He His Glu Gly Glu Glu Asp Thr Pro He Gly 147 
GCA ATG CCT GGA TGT TAT AGG CTT GGA TGG AGG CAT GGT CTT GTT GAA 540 
Ala Met Pro Gly Cys Tyr Arg Leu Gly Trp Arg His Gly Leu Val Glu 163 
GAG GTC GCA AAG GCA AGG GAT GTT GGA GTC AAC AGC ATT GTG CTC TTC 588 
Glu Val Ala Lys Ala Arg Asp Val Gly Val Asn Ser He Val Leu Phe 179 
CCA AAA GTT CCA GAT GCT TTA AAG ACC TCT ACA GGA GAT GAA GCT TAC 636 
Pro Lys Val Pro Asp Ala Leu Lys Thr Ser Thr Gly Asp Glu Ala Tyr 195 
AAT GAC AAT GGA TTA GTG CCC CGA ACA ATA CGT TTG CTG AAA GAC AAA 684 
Asn Asp Asn Gly Leu Val Pro Arg Thr He Arg Leu Leu Lys Asp Lys 211 
TAC CCT GAT CTT GTT ATC TAC ACT GAT GTT GCT TTG GAT CCA TAT TCA 732 
Tyr Pro Asp Leu Val He Tyr Thr Asp Val Ala Leu Asp Pro Tyr Ser 227 
TCT GAT GGG CAT GAT GGC ATT GTG AGA GAA GAT GGA GTT ATC ATG AAT 780 
Ser Asp Gly His Asp Gly He Val Arg Glu Asp Gly Val He Met Asn 243 
Fig. 1. Nucleotide sequence of the tomato ALAD cDNA clone and its predicted amino acid 
sequence. The nucleotide sequence is numbered from the first 5' nucleotide of the cDNA; the 
amino acid sequence is numbered from the first methionine of the open reading frame. The tandem 
polyadenylation signal is undeilined. The stop codon before the ATG initiation codon is indicated 
in bold. 
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GAC GAG ACT GTG CAT CAG TTG TGC AAA CAG GCA GTT GCT CAG GCC AGA 828 
Asp Glu Thr Val His Gin Leu Cys Lys Gin Ala Val Ala Gin Ala Arg 259 
GCA GGA GCA GAT GTT GTC AGT CCA AGT GAC ATG ATG GAT GGT CGT GTC 87 6 
Ala Gly Ala Asp Val Val Ser Pro Ser Asp Met Met Asp Gly Arg Val 275 
GGA GCA ATT CGA GCA GCT CTT GAT GCT GAA GGA TTT CAG CAT GTG TCA 924 
Gly Ala lie Arg Ala Ala Leu Asp Ala Glu Gly Phe Gin His Val Ser 291 
ATC ATG TCA TAT ACG GCA AAG TAT GCA AGC TCC TTT TAT GGA CCT TTC 972 
He Met Ser Tyr Thr Ala Lys Tyr Ala Ser Ser Phe Tyr Gly Pro Phe 307 
AGA GAG GCT TTA GAT TCA AAT CCA CGT TTT GGG GAT AAG AAA ACT TAT 1020 
Arg Glu Ala Leu Asp Ser Asn Pro Arg Phe Gly Asp Lys Lys Thr Tyr 323 
CAG ATG AAC CCC GCA AAT TAC AGA GAA GCA TTA GTT GAG ATG CAA GCA 1068 
Gin Met Asn Pro Ala Asn Tyr Arg Glu Ala Leu Val Glu Met Gin Ala 339 
GAT GAG TCT GAA GGA GCT GAT ATT CTT CTT GTT AAA CCA GGT TTG CCT 1116 
Asp Glu Ser Glu Gly Ala Asp He Leu Leu Val Lys Pro Gly Leu Pro 355 
TAT TTG GAT ATT ATT AGG CTT CTT CGG GAT AAA TCT CCT TTG CCC ATA 1164 
Tyr Leu Asp He He Arg Leu Leu Arg Asp Lys Ser Pro Leu Pro He 371 
GCT GCC TAT CAG GTT TCA GGT GAA TAC TCG ATG ATC AAA GCA GGT GGG 1212 
Ala Ala Tyr Gin Val Ser Gly Glu Tyr Ser Met He Lys Ala Gly Gly 387 
GTT CTA AAA ATG ATC GAT GAA GAA AGG GTT ATG ATG GAA TCA TTG ATG 1260 
Val Leu Lys Met He Asp Glu Glu Arg Val Met Met Glu Ser Leu Met 403 
TGC CTT CGA CGA GCT GGT GCT GAC ATA ATT TTG ACC TAT TTT GCT CTG 1308 
Cys Leu Arg Arg Ala Gly Ala Asp He He Leu Thr Tyr Phe Ala Leu 419 
CAA GCC GGT AGA TGC CTG TGT GGA GAG AAG AGG taaaagctagccggatcat 1360 
Gin Ala Gly Arg Cys Leu Cys Gly Glu Lys Arg stop 430 
aaaggaatttgagacgaagaagattttcaagtgaactttgtaaactagttggtgtgagctttg 1423 
atttaaaaaagtagcagaacgactatgttagccgagggtcaacgggaacaagtcaatctctct 1486 
acctcacaaaggtagggtaaggtgtgcgtacatcctaccctccccagatcccacttgtgggac 1549 
tacactgggtatgtgttgtaattgagtacgttgtgtctctattttcttgtttactcaagcacc 1612 
aaatttgtttagattatttgatgtgagcttgatttagaggattccctttgtaaccattttgtt 1675 
catttcctaqctctaacattttqaaqttattaatqaaaaaaataaaaataaaaaqatqaqtaa 1738 
aaattgtttcaacttacacaaaaaaaaaaaaaaaaaa 1775 
Fig. 1. (continued) 
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tomato MASAAMLNAP CNIGAVK... .FEVKLKPSP NLFCARPSVK LNQ RRVLTIRASK 
pea HTFVDL*... .SPFT*...S *YLSFSS*KR RQP PSLF*V***. 
spinach ***..TF*I* **A*TI*NFN NSQRN*GF*S **GINFAKTR FSNCGDSGRI PSQ*W***E 
E. coli 
61 
tomato EGHDNGSSSG PLRKMGLTDE ECEAAWAGN VPEAPPVPPK PAAPDGTPIV SSLPINRRPR 
P0g| ******* **gp^***y* p****Q**** 
spinach RRDNLTQ Q*T**SI* ********** A*S******T *K**S***S* *P*SLG**** 
E. coli MTDLIQ**** 
121 
tomato RNRRSSAARA AFQETNISPA NLVYPLFXHE GEED.TPIGA MPGCYRLGWR HGL.VEEVAKA 
*****P*J_j*g *****»J'Jj*** *p******** ****^***** ********** ***Jj****** 
***'p*pYp** *****'pL*** *y******** ****^***** ********** ********** 
E. coli *L*K*P*L*V CLKRQHLALT TWCCRSLLKK KLTDYKAVE* ***VM*IPEK *.*AR*IERI 
181 [ ib 
tomato RDVGVNSIVL FPKVPDALKT STGDEAYNDN GLVPRTIRLL KDKYPDLVIY TDVALDPYSS 
*******^** ***J****** p*******gQ *****g**** *******J** ********** 
***^*****Y ***^*****g p*******g* ********J|J* ***p***J** ********YY 
E. coli ANA*IR*VMT *GISHHT..D E**SD*WRED ***A*MSRIC *QTV*EMIVM S*TCFCE*T* 
241 ] 
tomato DGHDGIVRED GVIMNDETVH QLCKQAVAQA RAGADWSPS DMMDGRVGAI RAALDAEGFQ 
p0g ********** ********** ********** ********** *********[^ *y******** 
*******'jiQjj ********** ********** ********** ********** ********YS 
E. coli H**C*VLC*H **D.**A*LE N*G****VA* A****FIA** AA***Q*Q** *Q****A**K 
301 [-—as 
tomato HVSIMSYTAK YASSFYGPFR EALDSNPRFG DKKTYQMNPA NYREALVEMQ ADESEGADIL 
pg^ ********** ********** ********** ********** ******'P**J^ g********* 
Spinach j^j********* ****** **** ********** ******j*i2'* £********* 
E. coli DTA****S** F********* **AG*ALK.* *R*S*****M *P***IR*SL L**AQ***C* 
361 ] 
tomato LVKPGLPYLD IIRLLRDKSP LPIAAYQVSG EYSMIKAGGV LKMIDEERVM MESLMCLRRA 
pg^ ********** *******J^** ********** *********^ *******J^** ****Jj***** 
gp^rj^ch ********** *******J^*Q ********** ********** *******J^** J_j***Jj***** 
E. coli M***AGA*** *V*E**ERTE ***G****** **A***FAAL AGA****K*V L***GSIK** 
421 
tomato GADIILTYFA LQAGRCLCGE KR.. . 
P0^ ********** ***^*'P**** **, 
gp^j^^Qj^ ********** ***^****** ** ^  ^ ^ 
E. coli ***L*Fs*** •DLA E *K1LR 
Fig. 2. Comparison of the deduced amino sequence of tomato ALAD with those of pea, spinach, 
and E. coli. Identical amino acids are indicted by asterisks (*). Gaps, indicated by periods (.). 
were used to optimize the alignment. The arrow indicates the putative cleavage point of the transit 
sequence. The ion binding and active sites are indicated by [—ib—] and [—as—], respectively. 
The lysine and arginine residues within the active site region (described in the text) are indicated 
in bold. 
occurs among the tomato, pea, and spinach transit sequences only in the area that contains the 
processing site (Fig. 2, position 56-59). 
In contrast, with the exception of the immediate N-tenninal end, the mature peptide of 
tomato showed a high degree of homology to those of pea (90,1%) and spinach (85.3%). All 
three plant species were highly homologous to E. coli (Echelard et al., 1988) in the active site 
region (Fig. 2, position 355 to 374) described by Boese et al. (1991) and the adjacent portions of 
the peptide, but are much less homologous to E. coli in other portions of the peptide, including the 
putative ion-binding region (Fig. 2, position 220 to 248) (Schaumburg et al., 1992). As in spinach 
(Schaumburg et al., 1992) and pea (Boese et al., 1991), the tomato ion-binding region lacks the 
cysteine residues that are present in E. coli and that are believed to be involved in binding the 2s\^* 
ion used as a cofactor in animal species (Wetmur et al., 1986). As noted by Schaumburg et al. 
(1992) for spinach, additional aspartic acid residues are present in this region in both the tomato 
and pea peptides, and these may be involved in binding Mg^^ ion required for activity of plant 
ALAD (Liedgens et al., 1983). The active-site regions of all four peptides possess the lysine 
residue (Fig. 2, position 363) involved in SchifT base fonnation (Gibbs and Jordan, 1986) and an 
arginine residue (Fig. 2, position 373) essential for substrate conversion (Liedgens et al., 1983). 
Southern blot analysis was performed by hybridizing the 1.8 kb tomato ALAD insert to 
total genomic DNA from tomato leaves (Fig. 3). The hybridization pattern indicates that 1-2 
copies of ALAD are present in the tomato genome. 
To study both the differential expression of ALAD in tomato plant organs and the 
temporal expression in tomato fhiits, northern blot analysis was perfonned on total RNA isolated 
from leaves, stems, roots, flowers, and 10-day, 45-day (breaker stage), and 55-day (red ripe) fruits. 
Northern analysis (Fig. 4) shows that the ALAD probe hybridized to up to four different-sized 
messages in different tissues. Signals of the expected, 1.8-kb message were greatest in stems. 
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Fig. 3. Southern hybridization of tomato genomic DNA with the 1.8 kb tomato ALAD cDNA 
fragment. DNA (10 pg) was digested with EcdRl (lane E), HinAlW (lane H), or BamHI (lane B). 
Lane I contains 10 pg of the ALAD cDNA insert, which, relative to the mass of genomic DNA 
per lane, is equivalent to 1 to 2 copies of the insert. 
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Fig. 4. Northern blot analysis of the steady-state levels of ALAD RNA of tomato leaf (L), stem 
(S), root (R), and flower (F) tissue, and 10-, 45-, and 55-day tomato fruits. Fifteen micrograms of 
total RNA were added per lane. The filter was hybridized with a ^^P-labelled RNA probe 
synthesized from ALAD template DNA, in a 50% (v/v) formamide solution at 65 C. Final wash 
was in 0.1 X SSC, 0.1% SDS at 65 C. 
roots, and Ihiits. These results are in direct contrast to those of Boese et al., (1991), who found 
greatest levels of expression in leaves, low levels in stem, and barely detectable levels in roots. 
These differences may be due to collection of samples at different stages of development or to 
species differences. Little change in transcript levels were apparent in the fruit samples, which 
shows that ALAD is expressed constitutively at the RNA level, and this indicates that ALAD 
expression may be controlled during translation or protein processing. This is in agreement with 
findings that showed that levels of ALAD protein and activity change with tissue type and stage of 
development (Huault et al., 1987; Kasemir and Masoner, 1975). An alternative explanation is that 
a sustained high level of ALAD mRNA is needed for increased heme synthesis during the 
respiratory climacteric that is associated with tomato fruit ripening. The greater molecular weight 
transcripts were most abundant in total RNA extracted from leaf tissue. High levels of 
accumulation also were seen in stem and fruit tissue, but only low levels of accumulation were 
evident in roots and flowers. 
The observed hybridization to the higher molecular weight transcripts is difficult to 
interpret. Differences in hybridization intensity were seen in the second band, which corresponds 
in size to the 25S ribosomal band. The photograph of the RNA gel, however, showed that equal 
levels of both 18S and 2SS iRNAs were present in all samples. Hybridization signals to the 
higher molecular weight bands were not affected by DNase treatment of samples, and were 
removed in a simUar pattern as those of the 1.8 kb band as the washing temperature was increased 
progressively to 90C (data not presented). In addition, hybridization to higher molecular weight 
bands was observed when using a ^^P-labelled ALAD cDNA insert (data not presented), and this 
indicates that the differences were not due solely to greater nonspecific binding of the RNA probe. 
Nevertheless, the possibility of nonspecific binding to higher molecular weight ribosomal RNAs 
cannot be dismissed. The higher molecular weight bands may represent different stages of 
processing of the immature ALAD transcript. The greater abundance of higher molecular weight 
bands and of total (1.8 kb plus higher-weight species) messages in leaf, stem, and fhiit tissue 
correlates with the greater requirement for chlorophyll and heme synthesis in these tissues. 
Additional research clearly is needed to characterize the developmental pattern of ALAD 
expression in different tissues and under different environmental conditions. 
Immunoblot analysis showed that radish ALAD antibody reacted with proteins that had an 
approximate mass of 41 kD in fruit tissue (Fig. 5, see arrow). Radish ALAD antibodies also 
reacted with proteins from tomato stem, leaf, and root tissues (data not presented). These bands 
corresponded to the observed mass of radish ALAD (40 kD; Tchuinmogn6 et al., 1992) and to the 
predicted mass of mature ALAD of tomato (41.7 kD; Polking et al., 1994) and spinach (40.1 kD; 
Schaumbui:g et al.. 1992). We could detect differences in the expression of the bands that resolved 
close together. The higher molecular weight band decreased throughout fruit development and 
ripening, whereas the intensity of the lower molecular weight band remained essentially constant 
(Fig. S). These bands could represent ALAD isozymes which differ in their expression patterns. 
The observed decrease in ALAD activity between 10 and 40 days of tomato fruit development 
(Kyriacou et al., in press) could be due either to decreased abundance of the higher molecular 
weight isozyme, or to decreased activity of the lower molecular weight isozyme. Radish ALAD 
antibody also reacted with a protein of approximately 52 kD in tomato fruit tissue (Fig. 5), and 
also in tomato stem, leaf, and root tissue (data not presented). This size corresponds 
approximately to the predicted size of the "full length polypeptide" (~ 46.9kD), and it may 
represent the unprocessed fonn of ALAD or cross-reactivity with another tomato protein. 
Huault et al! (1987) proposed de novo synthesis as the main cause of the light-induced 
increase in ALAD activity during chloroplast differentiation in etiolated cotyledons of radish. 
Boese et al. (1991), however, found that expression of ALAD transcripts was constitutive during 
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Fig. 5. Immunoblot analysis using radish ALAD antibody against total protein extracted from 
tomato fimit pericarp tissue harvested 10,15, 25, 35,45, and 55 days postanthesis. Twenty 
microliters of extract were added per lane. Arrow indicates approximate predicted mass of mature 
ALAD protein. 
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light-induced greening of etiolated pea tissue, suggesting that any up-regulation of ALAD was not 
due to changes in ALAD transcript accumulation. Our results show that ALAD transcripts 
decreased oidy slightly during fruit development. In contrast. He et al. (1994) showed that ALAD 
mRNA levels decreased in pea leaves and that this decrease was due primarily to leaf 
developmental age. In this same study, however, ALAD protein levels remained high in older 
leaves even though mRNA levels were very low, suggesting that the observed developmental 
changes in transcription may not greatly influence protein levels and thus enzyme activity. 
Inteipretation of our western results is complicated by the presence of two bands that differ in 
their expression pattern throughout tomato fruit development and ripening, so the possibility of 
down regulation of ALAD at the protein level cannot be dismissed. Taken together, the results of 
these previous investigators and the results we report here suggest that once ALAD synthesis has 
been induced by light, subsequent regulation of ALAD activity in chlorophyllous organs is due to 
developmentally-induced changes in enzyme activation or possibly in protein levels rather than to 
changes in the amount of ALAD mRNA. 
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GENERAL SUMMARY AND CONCLUSIONS 
Two full-length cDNA clones that encoded enzymes involved in the early steps of the 
chlorophylVheme biosynthetic pathway were isolated from a cDNA library constructed from young 
tomato {Lycopersicon esculentim Mill.) firuit. The clone that encoded glutamate-l-semialdehyde-
2,1 amirjomutase (GSAAM) was 1699 bp long and contained an open reading frame that encoded 
a 481-amino acid peptide that comprised a 44-amino acid transit peptide and a 437-amino acid, 
46.7 kDa mature protein. The second clone encoded 5-aminolevulinic acid dehydratase (ALAD), 
was 1775 bp in length, and contained an open reading frame that encoded a 430-amino acid 
peptide. This peptide consisted of a 47-amino acid transit peptide and a 383-amino acid, 41.7 kDa 
mature protein. The deduced amino acid sequences of botii clones showed high homology to 
tiiose of tiie corresponding clones from other species, especially in Oie putative cofactor-binding 
and active-site regions. 
Genomic Southern analysis showed that botii genes were present in low copy number (1 or 
2) in the tomato genome. The two clones differed in the tissue-specific expression of their 
transcripts. Expression of GSAAM transcripts was greatest in leaf and stem tissue, somewhat less 
in flower, and only very low in root tissue. This pattern of expression would agree with the 
expected demand for chloroi^yll/heme synthesis in these tissues. In contrast, expression of the 
expected 1.8 kb ALAD message was greatest in stem and root tissues, much less in leaves, and 
only very low in flower tissue. In addition, interpretation of the tissue-specific expression of 
ALAD was complicated by the presence of higher molecular weight species that were especially 
abundant in leaf and stem tissue. These may represent different stages of processing of the ALAD 
transcript, and their greater abundance in leaf and stem tissue would agree with the greater demand 
for chlorophyU/heme syntiiesis in these tissues. It is also possible that these bands represent 
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nonspecific binding to higher molecular weight ribosomal RNAs. 
The two clones also differed in their pattern of expression throughout tomato fruit 
development and ripening. Expression of ALAD transcripts decreased only slightly from days 10 
through 55 postanthesis. In contrast, GSAAM transcript levels, which were high in young fmits, 
declined to veiy low levels in 55-day-old fhiits. These differences in developmental expression 
may indicate a greater developmental regulation of GSAAM as compared with ALAD, or may 
reflect a greater stability of the ALAD transcripts. 
Differences in expression of the two clones throughout tomato fruit development and 
ripening also were obsenred at the protein level, as detennined by immunoblot analysis. Levels of 
GSAAM protein decreased dramatically by 25 days {wstanthesis, and GSAAM protein was 
undetectable by day 45. The decrease in GSAAM protein levels may reflect partially the 
decreased abundance of GSAAM transcripts or events after transcription (e.g., posttranscriptional 
modifications, translational control, protein stability, etc.). Interpretation of changes in ALAD 
protein are complicated by the presence of two closely-spaced bands of the approximate size of 
mature ALAD protein. These bands may represent ALAD isozymes, one of which was down-
regulated developmentally, and the other which showed no change in abundance throughout fruit 
development and ripening. These findings would suggest that the shaip decrease in ALAD activity 
observed during fruit development and ripening (Kyriacou et al., in press) was not due to changes 
in transcript abundance, but rather to decreased abundance of one (higher molecular weight) 
ALAD isozyme, or decreased activity of the other, lower molecular weight isozyme. 
The decreases in levels of GSAAM mRNA and protein reflect the decreased need for 
chlorophyll and heme synthesis as the tomato fruit develops and ripens. Levels are highest in 
young fruits, in which cell division and photosynthesis are at their highest rates (Piechulla et al., 
1986), and then decline. These results show that GSAAM, but not ALAD, is regulated 
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developmentally at the level of transcript abundance, and that both GSAAM and ALAD may be 
regulated developmentally at one or more post-transcriptional levels. Regulation of GSAAM by 
other factors, e.g., by light (Dag et al., 1994), also may be superimposed on the developmental 
regulation. The demonstrated regulation of GSAAM transcript abundance, but not those of ALAD, 
reflects observations that ALA synthesis and protochlorophyllide reduction, but not intermediate 
steps, are primary sites of regulation of chlorophyll synthesis. 
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